Metal-containing tetrahedral amorphous carbon films were produced by dual filtered cathodic vacuum arc (FCVA) plasma sources operated in sequential pulsed mode. A negatively pulsed bias was applied to the substrate only when carbon plasma was generated. Films thickness was measured after deposition by profilometry. Glass slides with silver pads were used as substrate for the of the measurement sheet resistance. The microstructure and composition of the films were characterized by Raman spectroscopy and Rutherford backscattering, respectively. It found that the electrical resistivity decreases with an increase of the Mo content, which can be ascribed to an increase of sp 2 content and an increase of the sp 2 cluster size.
Introduction
It was well known that hydrogen-free tetrahedral amorphous carbon (ta-C) films produced by filtered cathodic vacuum arc (FCVA) plasma have superior properties such as very high hardness and elastic modulus, high electrical resistivity, low friction coefficient; however, they also have high intrinsic stress [1] . These sp 3 carbon bond content can reach or even exceed 80%. It has been show that the properties of amorphous carbon films (both hydrogen and hydrogen-free amorphous carbon) can be greatly modified, and some respect enhanced, by doping them with metals [2] . The metals used for doping can be classified into two categorizes, namely, (i) carbide formers such as Ti, W, Mo, Si, Cr and Nb, and (ii) metals that do not form any carbide phase such as Fe, Co, Ni, Pd and Pt. A good deal of research involving metal containing amorphous carbon focused on improving the tribological and mechanical properties, especially reducing excessive internal stress [3] . Furthermore, metal incorporation in amorphous carbon films can decrease electrical resistivity of the films [4] . Several experiments and techniques were reported about the preparation of conductive metal-containing amorphous carbon films [5, 6] . The metals used as dopants to increase electrical conductivity were W, Mo, Cr, Ti, etc.
It is well known that diamond-like carbon is mostly used as a protective coating. Recently, they have been used as protective coatings of bipolar plates in PEM fuel cell [7] . Bipolar plates are exposed to an operating environment with a PH 2-3 at high temperatures. This will causes corrosion or even dissolution of the metal, resulting in a lowering of the ionic conductivity. In addition, a corrosion layer on the surface of a bipolar plate increases the electrical resistance in the corroded portion and decreases the output of the fuel cell. Because of these problems, bipolar plates are designed with protective coating layers which should be conductive and well adherent IBMM 2006 3 to the base material to protect the substrate from the operating environment. The metal-containing ta-C films have the potential of being applied in coated metallic bipolar plates of PEM fuel cells.
Most of the work on depositing metal-containing amorphous carbon films involved hydrogenated carbon films. They were produced by several methods such as reactive magnetron sputtering using a hydrocarbon gas as part of the gas mixture, and a FCVA operated in hydrocarbon gas environment. However, there are less reports on the deposition of metal-containing ta-C films. Chen et al. [8] 4 also observed that high pulsed bias leads to high sputtering rate due to high energy of the multiply charged metal ions.
In this work, we use dual filtered cathodic vacuum arc plasma sources, operating sequentially. In contrast to previous work, the negative pulsed bias was only applied to the substrate when the carbon plasma was present. The aim was to deposit ta-C:Mo films whose conductivity is controlled resistance by the applied substrate bias voltage.
Experimental
The setup with the two miniature filtered cathodic arc (FCVA) plasma sources is shown in Fig 1. The details of such sources can be found elsewhere [10] . One of the plasma "guns" has a graphite cathode and the other has a molybdenum cathode The second type of sample was a Si wafer with pen mask used to measure thickness via profilometry and the non-masked part of the Si wafer was used to investigate the composition and structure of the films. The base pressure of the cryogenically pumped vacuum chamber was about 2x10 -4 Pa.
Raman spectroscopy was employed to characterize the microstructure of the ta-C:Mo films excited by an Ar + laser at 514.5 nm using a Jobin Yvon 64000 system.
The Rutherford backscattering spectrometry (RBS) was employed to determine the concentration profiles of Mo and C in the films. Fig. 2(a) shows that the electrical resistivity of ta-C:Mo films decreases quickly when the ratio of Mo/C pulses is relatively insignificantly increased from 1/20 to 1/15. One may conclude that it is not the amount of Mo that determines the conductivity but rather the changes in the structure of the carbon film that should be considered. RBS analysis was used to determine the concentration profiles of Mo and C in the films. RBS spectra were fitted using the SIMNRA simulation code. Fig. 3 shows two RBS spectra for low and high ratio of Mo/C pulses. As the carbon signal overlaps with that of silicon, the error in the carbon concentration is greater than the error for molybdenum. It can be seen that molybdenum is uniformly distributed within the films. The analysis confirms that the fraction of Mo in the films can be well controlled with the ratio of Mo/C pulses. Fig. 4 shows Raman spectra of the ta-C:Mo films with different Mo content which were controlled by the ratio of Mo/C pulses. These spectra were fitted to two
Results and discussion
Gaussian components -the disorder ('D') peak at 1350 cm -1 and the graphite ('G') peak at 1580 cm -1 . It was found that the position of the G peak shifts to lower wave numbers when the Mo content is increased. Ferrari et al. [11] interpreted that the down-shift of the G peak is due to the increase in the sp 2 cluster size. Fig. 5 shows that the calculated ratio of the intensity of the D and G peaks, I D /I G , increases with the increase of the Mo content. The same researchers, Ferrari et al. [11] , concluded that the increase of the I D /I G ratio can be attributed to an increase in the sp 2 content and a corresponding decrease of the sp 3 bonds. The fact that we see very similar tendencies suggests that this interpretation can also be applied to our experiments.
Conclusion
Mo-containing tetrahedral amorphous carbon films (ta-C:Mo) have been deposited using a dual filtered cathodic vacuum arc plasmas system in which the ratio of Mo and carbon plasma pulses can be selected at will. By operating the different plasmas sequentially, the bias was selectively applied to the carbon ions only.
Rutherford backscattering showed that the Mo content in the films can be controlled previously suggested for pure ta-C films, rather than the Mo content itself. 
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